The membrane-proximal external region (MPER) of human immunodeficiency virus type 1 (HIV-1) gp41 bears the epitopes of two broadly neutralizing antibodies (Abs), 2F5 and 4E10, making it a target for vaccine design. A third Ab, Fab Z13, had previously been mapped to an epitope that overlaps those of 2F5 and 4E10 but only weakly neutralizes a limited set of primary isolates. Here, libraries of Fab Z13 variants displayed on phage were engineered and affinity selected against an MPER peptide and recombinant gp41. A high-affinity variant, designated Z13e1, was isolated and found to be ϳ100-fold improved over the parental Fab not only in binding affinity for the MPER antigens but also in neutralization potency against sensitive HIV-1. Alanine scanning of MPER residues 664 to 680 revealed that N671 and D674 are crucial for peptide recognition as well as for the neutralization of HIV-1 by Z13e1. Ab competition studies and truncation of MPER peptides indicate that Z13e1 binds with high affinity to an epitope between and overlapping with those of 2F5 and 4E10, with the minimal peptide epitope WASLWNWFDITN. Still, Z13e1 remained about an order of magnitude less potent than 4E10 against several isolates of pseudotyped HIV-1. The sum of our molecular analyses with Z13e1 suggests that the segment on the MPER of gp41 between the 2F5 and 4E10 epitopes is exposed on the functional envelope trimer but that access to the specific Z13e1 epitope within this segment is limited. Thus, the ability of MPER-bearing immunogens to elicit potent HIV-1-neutralizing Abs may depend in part on recapitulating the particular constraints that the functional envelope trimer imposes on the segment of the MPER to which Z13e1 binds.
A crucial aim in human immunodeficiency virus (HIV) type 1 (HIV-1) vaccine design is to elicit neutralizing antibodies (Abs) against primary isolates of HIV-1 (9, 25, 29) . Although high titers of HIV-1-specific Abs are readily elicited through immunization or during natural infection, neutralizing Abs are typically poorly represented (15, 26, 41, 53) . HIV-1-neutralizing Abs bind to the envelope glycoproteins, gp120 and gp41 (Env), but are unique in their ability to recognize functional and non-covalently associated heterotrimers of these two glycoproteins (18, 36, 43, 54, 56) . Unfortunately, the functional Env trimer is labile such that immunogens based on it, and HIV-1 virions themselves, contain monomeric or irrelevant (nonfunctional) forms of gp120 and gp41 that tend to elicit mostly nonneutralizing Abs (3, 17, 19, 23, 31, 34, 38) . One sought-after solution is to engineer homogeneous immunogens that mimic the functional envelope trimer or key epitopes thereof. Since the structural details of the functional envelope trimer are lacking, monoclonal Abs (MAbs) with HIV-1-neutralizing activity have been important tools for characterizing candidate envelope mimetic vaccines.
Two human MAbs, 2F5 and 4E10, neutralize a broad range of HIV-1 primary isolates and target neighboring epitopes on the membrane-proximal external region (MPER) of gp41 (4, 32, 48, 64) . Due in part to the remarkable neutralizing activities of 2F5 and 4E10, the MPER of gp41 has become an important target for HIV-1 vaccine design. However, eliciting broadly neutralizing Abs against the MPER by use of designed mimetics has proven to be very challenging. For example, peptides corresponding to the core epitope of 2F5, as coupled to a protein carrier or genetically grafted into various protein scaffolds, have generally failed to elicit neutralizing Ab against primary HIV-1 (2, 28, 60) . These difficulties may be due to steric blocks by the membrane and the quaternary structure of the envelope trimer that limit the access of many elicited Abs to the native epitopes on the MPER. Alternatively, success may be limited by conformational differences between the peptide epitope and the corresponding site on the native MPER. Immunological tolerance-suppression of neutralizing Abs due autoantigen reactivity has also been proposed to explain the poor immunogenicity of the 2F5 and 4E10 epitopes (21, 60) . The prevalence of 2F5-and 4E10-like Abs in the sera of HIV-1 infected individuals is indeed extremely low, indicating that these particular epitopes are poorly immunogenic during natural infection (references 14 and 57; also G. F. Shaw, BibolletRuche, J. Decker, H. Li, P. Goepfert, M. Peeters, S. Allen, E. Hunter, J. Robinson, and P. Kwong, presented at the 13th Conference on Retroviruses and Opportunistic Infections, Colorado Conference Center, Denver, CO, 2006) . However, it is not known whether other Abs directed to the MPER would neutralize as potently or be as difficult to elicit as 2F5 or 4E10.
Antigen engineering has been viewed as a way to boost the relative immunogenicity of the MPER of gp41 and to elicit 2F5-and 4E10-like Abs. However, designing successful mimics of the MPER is not straightforward, especially considering that many details of native Env structure remain unknown. Available data indicate that the core epitope of 2F5 on the MPER appears to be in an extended conformation with a type I ␤-turn about the three-residue motif DKW, which is deeply buried in the combining site of 2F5 (33) . In contrast, the 4E10 peptide epitope has a largely helical fold that terminates at the conserved residues that have the most contact with the Ab (i.e., "WF" of the NWFDIT motif) (10) . Cryo-electron microscopy tomography has recently been used to model HIV-1 envelope glycoprotein trimers; however, there is a discrepancy over whether the gp41 MPERs are separated (as in a tripod), with each MPER consisting of a membrane-associated "foot" and a short "leg" that connects the foot to the bulk of the trimer (59) , or whether the MPERs pack against one another to form a single stalk at the base of the trimer (58) . Additional gaps in the structural information about the MPER include the degree of mobility of the MPER, how it folds to connect with the transmembrane domain and the rest of the envelope trimer, and the way in which the 2F5 and 4E10 epitopes connect to one another.
A third human MAb, Fab Z13, appears to bind to a portion of the MPER between the 2F5 and 4E10 epitopes. This Ab was selected from a Fab phage display library that was prepared from the bone marrow RNA of an asymptomatic individual with strong and broadly neutralizing serum Ab titers (30, 37, 52, 64) . It was found to have a continuous core epitope that ostensibly coincides with that of 4E10, but Z13 recognition of a peptide corresponding to the MPER can be blocked by both 4E10 and 2F5 (64) . The neutralization potency of Fab Z13 is less than that observed with immunoglobulin Gs (IgGs) 2F5 and 4E10 by use of a peripheral blood mononuclear cell-based assay, and its activity depends on a somewhat variable residue (position 674) in the MPER for which 4E10 activity is apparently unaffected (64) . Because the epitope of Z13 at least partially overlaps with those of both 2F5 and 4E10, an analysis of the Z13 epitope should shed light on the exposure of all three epitopes on the MPER (64) .
Since Fab Z13 is less potent than 2F5 and 4E10 against HIV-1, we attempted to improve its affinity for gp41, possibly also improving its neutralization potency. Random mutations were introduced into the complementarity-determining region (CDR) L3 of Fab Z13 in a phage display library (1), and high-affinity variants of Z13 were selected. We finely mapped the specificity and neutralizing activity of a representative highaffinity variant, Z13e1, in both Fab and IgG formats. We found that Z13e1 binds extremely well to peptides and recombinant gp41 that bear MPER sequences overlapping the 2F5 and 4E10 epitopes but that Z13e1 has only moderate neutralization potency. These results suggest that the segment between the 2F5 and 4E10 epitopes on the MPER of native gp41 must be exposed to neutralizing Ab but that the binding of Z13e1 to this segment on the Env trimer is limited. These findings and IgG Z13e1 should be useful in further clarifying the structural details of the MPER of gp41 and in designing and prescreening vaccine candidates. eluted phage were used to infect TOP10FЈ cells (Invitrogen), and plasmid was prepared for DNA sequencing (TSRI Center for Nucleic Acids Research). In parallel, the same clones were used to prepare crude Fab supernatant for testing by enzyme-linked immunosorbent assay (ELISA), using crude Fab Z13 wt as a control.
Construction and purification of IgG1 Z13e1. The DNAs encoding the heavy chain (Fd fragment) and light chain of Z13e1 were each excised from the pComb3X phagemid vector (1) as XhoI-SpeI and SacI-XbaI fragments, respectively, and subcloned sequentially into a mammalian IgG expression vector which contains compatible restriction sites, pIgG (8) . The pIgG-Z13e1 DNA was verified by DNA sequencing and used with the FuGENE6 transfection reagent (Roche, Indianapolis, IN) to transfect Chinese hamster ovary (CHO-K1) cells. Stable transfected clones were amplified under selection using methionine sulfoximine (Sigma, St. Louis, MO). The clone with the highest production of IgG1 Z13e1, as determined using ELISA with cell culture supernatant, was chosen for scale-up in the CellCube System (Corning, Inc., Corning, NY) and purified by affinity chromatography with protein A (Pharmacia, Uppsala, Sweden). Purified IgG1 Z13e1 was concentrated and dialyzed against PBS. Ab purity and concentration were determined using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and the absorbance at 280 nm.
Fab Z13e1 preparation by pepsin treatment of IgG. Antigen-binding fragment Z13e1 was obtained by pepsin digestion of IgG Z13e1 followed by reduction of interchain disulfide bridges. Pepsin (Sigma) was resuspended in 0.1 M sodium citrate (pH 3.5) at a concentration of 0.5 mg/ml. The pepsin solution was added to IgG Z13e1 (4.2 mg/ml) to give a final ratio of 4% (wt/wt) pepsin, and the reaction mixture was incubated at 37°C for 3 h. The digestion reaction was stopped with a 1/10 volume of 1 M Tris (pH 10). The interchain disulfide bridges of the F(abЈ) 2 fragments were reduced by the addition of 20 mM cysteine followed by further incubation at 37°C for 4 h and then acetylation with 20 mM iodoacetamide at 37°C for 1 h.
Fab Z13e1 was purified using sequential affinity and size exclusion chromatography. First, the digested sample was loaded onto a HiTrap Protein A HP column (GE Healthcare) equilibrated in 20 mM sodium phosphate (pH 7.0). The nonbound material was then loaded onto a HiTrap Protein G HP column (GE Healthcare), also equilibrated in 20 mM sodium phosphate (pH 7.0). The Fab was eluted using 0.1 M citric acid, pH 3.0, and immediately neutralized with a 1/10 volume of 1 M Tris (pH 10). The Fab fragment was separated from the unreduced F(abЈ) 2 by use of a Superdex 200 HR16-60 column (GE Healthcare) equilibrated in PBS (pH 7.0) and then concentrated by ultrafiltration.
Peptide synthesis. The peptides were synthesized manually using solid-phase peptide methodology on a C-terminal amide yielding MBHA resin with in situ neutralization cycles for butoxycarbonyl solid-phase peptide synthesis (46) as reported previously (6) . Solubilizing tails were introduced on the C-terminal end of the peptide to allow for easier synthesis of multiple compounds. Following chain assembly, the peptides were cleaved from the resin with HF and 10% anisole for 1 h at 0°C. The peptides were purified by HPLC. Preparative reversed-phase HPLC was performed on a Waters 4000 HPLC system using Vydac C18 columns (10 mm, 5.0 by 25 cm) and a Gilson UV detector. Linear gradients of acetonitrile in water-0.1% trifluoroacetic acid were used to elute bound peptides. Peptides were characterized by electrospray ionization mass spectrometry on an API-III triple quadrupole mass spectrometer (Sciex, Thornhill, Ontario, Canada). Peptide masses were calculated from the experimental mass/ charge (m/z) ratios from all of the observed protonation states of a peptide by using MacSpec software (Sciex). All observed peptide masses agreed with the calculated average masses to within 0.5 Da.
CD. For circular dichroism (CD) spectroscopy, an Aviv model 203-02 spectropolarimeter was used, with cells of 0.1 cm in length, a wavelength step of 0.5 nm, and a bandwidth of 1.0 nm. One to three scans were reported. The exact peptide concentrations were determined by UV measurements at 280 nm on a Gilson UV detector, model 116.
ELISAs. (i) In-solution peptide competition. Fifty percent inhibitory concentrations (IC 50 s) were determined by competitive ELISA using fixed concentrations of the biotinylated epitope peptide, SLWNWFDITNWLWRRK(biotin)-NH 2 (20 nM) and IgG Z13e1 (0.3 nM), which was previously shown to generate a nonsaturating signal, and various concentrations of gp41 competitor peptides. Briefly, microwells were coated overnight at 4°C with 50 l PBS containing neutravidin (4 g/ml; Pierce). Wells were washed four times with PBS containing 0.05% Tween 20 and then blocked with 4% NFDM in PBS for 1 h at 37°C. Meanwhile, different concentrations of the competing peptide (in a threefold dilution series starting at 10 M) were mixed with the biotinylated peptide (20 nM) in PBS containing 0.4% NFDM-0.02% Tween and immediately (within 1 min) combined with IgG Z13e1 (0.3 nM). The mixture was incubated at 37°C for 2 h in a 96-well round-bottom plate separately from the ELISA plate being blocked. After the blocked plate was washed, the mixture of Z13e1, biotinylated peptide, and competing peptide was added to the wells. After 20 min at RT, the wells were washed five times, and a 1:1,000 dilution of goat anti-human IgG F(abЈ) 2 -horseradish peroxidase conjugate (Pierce) was added. Following incubation at RT for 45 min, the wells were washed five times and developed by adding 50 l of tetramethylbenzidine (TMB) solution (Pierce) according to the manufacturer's instructions. Wells containing TMB solution were stopped after ϳ10 to 20 min before the maximal signals reached an optical density of ϳ1.8, by adding 50 l of H 2 SO 4 (0.2 M), and the optical density at 450 nm was read on a microplate reader (Molecular Devices). The concentration of competitor peptide corresponding to a half-maximal signal (IC 50 ) was determined by interpolation of the resulting binding curve. Each peptide competitor was tested in duplicate in at least two separate experiments.
(ii) Ab competition ELISA. Microwells were coated overnight at 4°C with 0.2 g M41xt in 50 l of PBS. The wells were washed twice and blocked with 4% NFDM in PBS for 1 h at 37°C. Twenty-five microliters of competitor Ab diluted in PBS containing 0.4% NFDM and 0.02% Tween 20 was added to the wells immediately followed by an equal volume of biotinylated Ab (final concentrations of biotinylated Abs were as follows: for Z13e1, 8 pg/ml; for 2F5, 40 pg/ml; for 4E10, 40 pg/ml). Following a 2-h incubation at 37°C, the wells were washed five times, and a streptavidin-horseradish peroxidase conjugate (1:1,000; Jackson ImmunoResearch) was added to the wells and incubated for 1 h. The wells were washed five times and then developed with TMB solution as described above.
(iii) CL ELISAs. Protocol A was as follows (20) . Microwells were coated with 1.5 g cardiolipin (CL; Sigma) in 50 l 100% ethanol and left to evaporate overnight at 4°C. Other antigens (4 g/ml in PBS) were coated on wells overnight at 4°C without evaporation. The wells were washed twice with PBS and blocked for 1 h at RT with 10% adult bovine serum (ABS) in PBS. The wells were washed twice with PBS, and Ab diluted in 10% ABS-PBS was added to the wells for 1 h at RT. Following two washes with PBS, goat anti-human IgG-alkaline phosphatase conjugate (1:1,000 in 10% ABS-PBS) was added to the wells and incubated for 1 h at RT. The wells were washed thrice with PBS, the plate was developed with substrate at 37°C, and the OD at 405 nm was read on a plate reader. Protocol B was as follows (reference 21 and B. Haynes, personal communication). Microwells were coated with CL at 1.35 g/well (4E10, Z13e1) or 10 g/well (2F5) in 50 l 100% ethanol and allowed to evaporate for 45 min at 55°C. Other antigens were coated at 4 g/ml in PBS without evaporation. The wells were washed once with PBS and blocked with 3% BSA in PBS for 2 h at RT. The wells were washed twice with PBS, and Ab in dilution buffer (3% BSA, 2% normal goat serum, 0.05% Tween 20 in PBS) was added to the wells for 1 h at RT. Following four washes with 0.05% Tween in PBS, goat anti-human IgG-alkaline phosphatase conjugate (1:1,000 in dilution buffer) was added to the wells and incubated for 1 h at RT. The wells were washed four times with 0.05% Tween in PBS, the plate was developed at RT, and the OD at 405 nm was read on a plate reader.
BN-PAGE.
A modified Blue Native (BN)-PAGE protocol (44, 47) was used as recently described (31) . Pseudotyped HIV-1 virions were mixed with monovalent Fab for 5 min. The concentration of Fab used was reported as that in the final sample at the time of loading. To liberate Env, pseudotyped HIV-1 virions were incubated in an equal volume of solubilization buffer (0.12% Triton X-100 in 1 mM EDTA-1.5 M aminocaproic acid) and 1 l of a protease inhibitor cocktail (Sigma). An equal volume of 2ϫ sample buffer containing 100 mM MOPS (morpholinepropanesulfonic acid), 100 mM Tris-HCl (pH 7.7), 40% glycerol, and 0.1% Coomassie blue was then added. Samples were loaded onto a 4 to 12% Bis-Tris NuPAGE gel (Invitrogen). Samples were electrophoresed at 4°C for 3 h at 100 V with 50 mM MOPS-50 mM Tris, pH 7.7, containing 0.002% Coomassie blue as the cathode buffer and the same buffer without Coomassie blue as the anode buffer. The gel was then Western blotted onto polyvinylidene difluoride. Excess Coomassie blue dye was removed after blotting by washing with 30% methanol-10% acetic acid then 100% methanol. The blot was then transferred to blocking buffer (4% NFDM in PBS) for 30 min and probed using 1 g/ml each of MAbs 2G12, b12, and 447-52D (anti-gp120 cocktail). Goat anti-human Fcalkaline phosphatase conjugate was used to detect the MAbs at 1:3,000 (Jackson).
HIV-1 neutralization assays. Neutralization assays were performed in the following two formats: (i) HIV-1 MN , Fab-versus-IgG, and Ala scan-pseudotyped neutralization assays, and (ii) Monogram neutralization assay.
(i) HIV-1 MN , Fab-versus-IgG, and Ala scan-pseudotyped neutralization assays. Pseudotyped HIV-1 mutants (MN, JR-FL, JRCSF, JR2, and JR2 Ala MPER mutants), competent for a single round of infection, were generated by cotransfection of 293T cells with the luciferase reporter plasmid pNL4-3.Luc.R-E-and Env complementation, as described previously (61 (5) . Different concentrations of Ab were added (1:1 by volume) to HIV-1, and the mixture was incubated for 1 h at 37°C prior to transferring (1:1 by volume) to the target cells. The assay was developed using luciferase reagent (Promega) following a 48-to 72-h incubation at 37°C, and the luminescence in relative light units was measured using an Orion microplate luminometer (Berthold Detection Systems). The extent of virus neutralization was determined as a percentage reduction of viral infectivity against that of an Ab-free control. All experiments were performed in triplicate and repeated at least twice with similar results.
(ii) Monogram neutralization assay. Pseudotyped viruses capable of a single round of infection were produced were produced by cotransfecting HEK293 cells with plasmids encoding Env libraries plus an HIV subgenomic vector that contains a firefly luciferase indicator gene (4, 41) . Recombinant pseudotyped viruses were harvested 48 h posttransfection and incubated for 1 h at 37°C with serial fourfold dilutions of Ab. U87 cells that express CD4 plus the CCR5 and CXCR4 coreceptors were inoculated with virus-Ab dilutions. Virus infectivity was determined 72 h postinoculation by measuring the amount of luciferase activity expressed in infected cells. Recombinant viruses pseudotyped with Env proteins from amphotropic murine leukemia virus were used to control for nonspecific neutralization. Neutralizing activity is reported as the concentration or dilution of each MAb or plasma required to confer inhibition of infection (IC 50 ) as follows: {percent inhibition ϭ [1 Ϫ (luciferase ϩ Ab/luciferase Ϫ Ab)] ϫ 100}.
RESULTS
Identification of Z13 affinity-enhanced Fab Z13e1. Our previous experiments with Fab Z13 showed that it bound to gp41 with lower affinity than 2F5 and 4E10, although a precise quantitative comparison was not made due to the difference in valency between Fab Z13 and IgGs 2F5 and 4E10; Fab Z13 also neutralized HIV-1 with limited potency (64) . To improve the affinity of Fab Z13 against the MPER of gp41 via affinity maturation techniques, we chose to use the phage display format. CDR L3 is generally near the center of an Ab-combining site and is a hot spot for somatic hypermutation that makes it a reasonable choice for mutagenesis to affinity mature an Ab in vitro (1, 11) . Thus, we engineered two separate mutagenesis libraries of Fab Z13 targeting five residues each in CDR L3. For each library, splicing overlap extension PCR and Ab-specific primers containing NNK codons were used to generate diversity in five consecutive positions in L3 such that any amino acid is possible at each of the five positions, producing a theoretical (amino acid) diversity of 20 5 or 3.2 ϫ 10 6 per library. The N library spans the five N-terminal L3 residues Q90 to W94, and the C library includes five residues slightly shifted toward the C-terminal end of L3, D93 to T97, such that there are two overlapping residues between the two libraries. The libraries were affinity selected in parallel against a translational fusion protein of recombinant gp41 JRFL (aa 535 to 681) fused to the C terminus of the MBP, named M41xt, as well as against a biotinylated peptide [SLWNWFDITNWLWRRK(biotin)-NH 2 ] that was captured on immobilized streptavidin.
After several rounds of affinity selection, Fab Z13 variants were picked from rounds 4, 5, and 6, and initial ELISAs using crude Fab indicated that a diverse panel of high-affinity Fabs had been selected (data not shown). Following DNA sequence analysis, several unique Fabs were overexpressed, purified, and used in ELISAs, which indicated that several variants had half-maximal binding titers ϳ10-to 100-fold greater than that of the parental Fab Z13 (Table 1) . Although no clear overall consensus was found among the CDR L3 sequences selected, similarities exist among several clones. Several Fab variants had comparable binding affinities, but Z13e1 was selected for further study, as it was the most frequently selected sequence and exhibited affinities in various ELISA formats slightly higher than those of other clones. Moreover, in an initial experiment using a single-round infectivity assay, Fab Z13e1 neutralized pseudotyped HIV-1 MN highest potency (Table 1) . A careful side-by-side comparison of the parental Fab Z13 and Fab Z13e1 against the selecting antigens using a direct ELISA, and using a single-round infectivity assay against HIV-1 MN , shows a 2-order-of-magnitude enhancement both in binding affinity and in neutralization potency at the IC 80 for the MN strain ( Fig. 1 and 2) . Determination of the peptide epitope of Fab Z13e1. In a prior study, we finely mapped the peptide epitope of IgG 4E10 (6). We used a similar approach here to determine the fine specificity of Z13e1. We found that whereas Z13e1 binds poorly to the 4E10-optimized peptide 94-1 (IC 50 , Ͼ10,000 nM), it binds with high affinity (IC 50 , 15 nM) to an N-terminally extended peptide, 179-4 (LLELDKWASLWNWFDITN WLWYIKKKK-NH 2 ), the affinity for which is comparable to that of 4E10 for the 94-1 peptide (IC 50 , 20 nM). This affinity is a ϳ35-fold improvement over that observed with the previously described Z13 peptide epitope, designated KGND (IC 50 , 390 nM; Table 2 ) (64). In addition, whereas 4E10 binds poorly to the peptide 178-3 (WASLWNWFDITNKKKK-NH 2 ), which has six fewer C-terminal MPER residues than peptides 179-4 and 94-1, Z13e1 binds with near-maximal affinity to 178-3 (IC 50 , 30 nM; Table 2 ). The above-described results suggest that the core of the optimized Z13e1 peptide epitope (roughly WASLWNWFDITN) is N terminal to that of 4E10 (NWFDI TNWLWYIK [6] ) but C terminal to that of 2F5 (ELLELDK WASLWN [2] ).
A series of Ala mutant peptides that scan the MPER residues 664 to 683 were used in the above-described competition ELISA format. Replacement of either N671 or D674 with Ala knocks out Z13e1 recognition (Fig. 3) . Several other alanine replacements, including W670, W672, and F673 (ϳ10-fold), I675 (ϳ40-fold), and T676 (ϳ100-fold), diminish Z13e1 binding by 10-fold or more. Other alanine substitutions had moderate to no effect on Z13e1 affinity (e.g., D674A, K665A, W666A, S668A, L669A, N677A, W678A, L679A, Y681A, I682A, and K683A), whereas W680A enhanced Z13e1 binding by severalfold. Analysis of peptide secondary structure by CD spectroscopy showed that the parental peptides and many of the Ala analogs were helical in solution with essentially indistinguishable CD spectra. However, substitutions N671A, D674A, and K683A disrupted structure due to probable aggregation and, interestingly, all of these variant peptides had diminished affinity for Z13e1. Alanine replacements W672A, F673A, T676A, and W680A enhanced the observed helical content relative to the parental peptide, but no clear correlation between enhanced helicity and Z13e1 binding is apparent (Fig. 3) .
Z13e1 competition with 2F5 and 4E10. Next, we tested the ability of IgGs Z13e1, 2F5, and 4E10 to compete with each other for binding to M41xt, the MBP-gp41 JR-FL ectodomain fusion protein, by use of a competition ELISA format. Biotinylated IgGs were prepared and added to microwells that were coated with M41xt and pretreated with different concentrations of (nonbiotinylated) Z13e1, 2F5, and 4E10 as competitor MAbs. As expected, all three Abs could compete very effectively with their biotinylated counterparts for M41xt recognition, although Z13e1 was even more effective than 4E10 in inhibiting biotinylated 4E10 (Fig. 4) . In fact, Z13e1 was able to efficiently block both biotinylated 4E10 and biotinylated 2F5, but 2F5 and 4E10 were less effective inhibitors of biotinylated Z13e1 recognition of M41xt (Fig. 4) . These results suggest that Higher bars indicate poorer relative binding for each Ala mutant at the indicated residue position (e.g., a value of 1 means the Ala substitution causes a 10-fold drop in affinity of Z13e1 for the Ala mutant peptide). The effect of the Ala replacement on the CD spectra is shown below each bar as follows: no change, ϭ; loss of helical content due to probable aggregation, 2; or enhanced helical content, 1. The asterisks indicate a minimum value corresponding to the highest concentration of Ala mutant peptide tested in the competition assay (10 mM) for which an IC 50 was not reached. The reference peptide for Ala W672A, F673A, I675A, T676A, and W680A mutants was SLWNWFDITNWLWKKKK; the reference peptide DK WASLWNWFDITNWLWYIKKKK was used for D664A, K665A, and W666A mutants; and reference peptide SLWNWFDITNWLWYI KKKK was used for the other Ala mutants. Z13e1 binds to recombinant HIV-1 gp41 with very high affinity to an epitope that impinges on the other two, but perhaps with greater overlap with the 4E10 epitope. Z13e1 binds to trimeric, virion-associated envelope glycoprotein. HIV-1 envelope glycoprotein that is gently liberated from the virion surface with a mild detergent runs as a mixture of trimeric and monomeric species of gp120-gp41 heterodimers by use of BN-PAGE (31) . In this system, the gel mobility of each species can be "shifted" using envelope-specific Abs (31). We used Fabs Z13 (wt) and Z13e1 against pseudotyped HIV-1 JR-FL at graded concentrations and found that both Fabs were able to shift the bands corresponding to both the monomer and the trimer species (Fig. 5) . As might be expected, Fab Z13e1 was able to completely shift both envelope glycoprotein species at a much lower concentration than parental Fab Z13 (wt) (1 g/ml versus 10 to 30 g/ml). In contrast, the 447-52D control Ab against gp120 (V3) clearly binds to monomers, but trimer binding was negligible, in accordance with its modest neutralization potency against HIV-1 JR-FL (4, 12) .
Neutralization of HIV-1 with Z13e1. (i) Neutralization of HIV-1 JR2 MPER alanine mutants. We recently reported on the effects of alanine substitutions in the MPER on the ability of 2F5 and 4E10 to neutralize the pseudotyped virus, HIV-1 JR2 , by use of a single-round infectivity assay (61) . These HIV-1 JR2 MPER Ala mutants were all found to be equally sensitive to IgG b12 and the fusion-inhibiting peptide T20 (61) . Using the same Ala mutant viruses, we found that N671A and D674A mutants are uniquely resistant to Z13e1 but remain sensitive to the other two MAbs, whereas L660A, L661A, I675A, W678A, and L679A mutants are all hypersensitive to neutralization by Z13e1, 2F5, and 4E10. The remaining MPER Ala mutants are about as sensitive as parental HIV-1 JR2 to Z13e1 (Fig. 6) . Interestingly, W666A and W672A mutants, which were completely resistant to neutralization by 2F5 and 4E10, respectively, are more sensitive than the parental virus to Z13e1. In general, similar to our previous findings with 2F5 and 4E10, only a very small number of residues (i.e., two) within the linear epitope of the MPER are crucial in order for Z13e1 to neutralize HIV-1 JR2 (Fig. 6 ), even though many alanine substitutions diminish Z13e1 binding to MPER peptides (Fig. 3) .
(ii) Fab Z13e1 in the Monogram assay. Fab Z13e1 was also assayed in an independent laboratory against a small panel of 10 clade B primary isolates by use of a single-cycle infectivity assay (4) . Five out of 10 clade B primary isolates were neutralized by Fab Z13e1 (IC 50 , Ͻ1,000 nM) in this format, which, on average, was about 14-fold less potent at the IC 50 level than with 4E10 IgG against the same isolates on a molar scale (Fig.  7) . We note that the sensitive isolates, but not the resistant ones, bore either an Asp or a Glu residue at position 674, which was also found to be critical in our Ala scan analyses (Fig. 6) primary isolates HIV-1 JR-FL and HIV-1 JR-CSF , the differences in neutralization potencies between the Fabs and IgGs of Z13e1 and 4E10 were even less apparent (i.e., 0.6-to 1.9-fold changes) (Table 3) . Thus, for Z13e1 and 4E10, although there are some differences in neutralization potencies with the Fab and IgG formats, the effects appear to be subtle. We note that the neutralization potencies observed in these assays with Z13e1 (Fab and IgG) were typically ϳ7-to 10-fold lower than those with 4E10 Fab and IgG.
Z13e1 exhibits weak nonspecific binding to various antigens in an ELISA format. A recent report has suggested that 4E10 and to a lesser extent 2F5 have some reactivity against CL under certain defined ELISA conditions (21) . Determining the specific CL cross-reactivity of an Ab is complicated by the difficulty in differentiating true CL reactivity and nonspecific or artifactual binding interactions that lead to false-positive binding (20) . Nevertheless, we wanted to evaluate the CL reactivities of 2F5 and 4E10 in the same assay, with Z13e1 IgG now included for comparison. At the same time, we performed a standardized ELISA that has been used in a multicentered study for determining CL reactivity, though we note that this assay too has shortcomings, since the CL is not presented in a stable lipid bilayer (20) . In both protocols, all three anti-MPER MAbs showed weak cross-reactivity with CL, but only 4E10 bound to CL better than to ovalbumin in one of the assay formats (Fig. 8) . Significantly, all three MAbs bound to gp41 with a titer ϳ100-fold higher than that to either CL or ovalbumin. The primary specificity of the three MPER MAbs is therefore to gp41, with very weak cross-reactivity to these other antigens in conditions of limiting detergent. FIG. 6 . Relative neutralization sensitivities of MPER Ala mutants of pseudotyped HIV-1 JR2 to Z13e1, 4E10, and 2F5 in the single-round infectivity assay using U87.CD4.CCR5 target cells. Each HIV-1 JR2 MPER Ala mutant bears a single Ala substitution in the MPER of gp41 (L660 to W680; primary sequence is shown). The 2F5 and 4E10 data are taken from a previous study (61) , and the Z13e1 data are from the present study (*). R. IC 50 and R. IC 90 refer to the ratios IC 50 for mutant/IC 50 for parental JR2 and IC 90 for mutant/IC 90 for parental JR2, respectively, so that mutant viruses are scored as Ͼ3 (neutralization resistant; red boxes), between 1/3 and 1 (neutralization sensitivity unchanged; white boxes), and less than 1/3 (neutralization hypersensitive; yellow boxes). The results shown represent the averages of three independent experiments performed in triplicate. The infectivity data are taken from a previous study: Ala mutant viruses are scored as having infectivities that are either similar to (1) or ϳ30% (4), Ͻ30% (,), or Ͻ10% (2) than that observed for parental HIV-1 JR2 infectivity (61). 1 , The IC 50 data for IgG 4E10 were taken from a previous study performed using the same assay under identical conditions (4); the IC 50 s for Fab Z13e1 are new data. The IC 50 s that are less than 1,000 nM are shaded green for emphasis. The residues at position 674 are in bold and underlined, as this position is crucial for Z13e1 recognition (Fig. 3 and 6) , and the residues D674 and E674, which are permissive for Z13e1 neutralization, are in red for emphasis. An amphotropic murine leukemia virus (aMLV) envelopepseudotyped virus was used as a control to rule out nonspecific neutralization. 
DISCUSSION
In this study, we identified a high-affinity variant of Fab Z13 through targeted random mutagenesis of CDR L3 and affinity selection against recombinant gp41 and an MPER peptide. The enhanced variant Z13e1 binds to the selecting antigens with affinity ϳ100-fold greater than that of parental Fab, which is respectable and not atypical for in vitro affinity maturation experiments (40, 45, 55) . In theory, it should be possible to further optimize Z13e1 affinity, although further improvements in neutralization potency may require mutation of other Z13 CDRs and more technically challenging selections using specific antigens that present the MPER of gp41 as in a native trimeric and/or membrane context. There may also be a limitation in neutralization potency by Z13 variants due to steric restrictions to the angle of approach of the Fab arm to its MPER epitope or due to other factors. Nevertheless, the apparent affinity of Z13e1 to optimized MPER peptides (IC 50 , ϳ10 nM) is within the range of binding affinities typically observed for MAbs generated in vivo, such as 2F5 and 4E10 (2, 6) . We note that whereas other variants besides Z13e1 were selected, Z13e1 was largely representative of these, though perhaps it had slightly higher affinity. Thus, no strong-binding clones that were nonneutralizing were found, and conversely, no low-affinity clones that had strong neutralizing activity were found. Hence, for the clones we tested at least, improved affinity to MPER antigens was predictive of improved neutralization potency, although Z13e1 neutralizes the sensitive HIV-1 MN strain over an order of magnitude more potently than it neutralizes the MPER-sequence-matched primary virus, HIV-1 JR-FL .
The mapping studies all suggest strongly that Z13e1 binds to an epitope between those of 2F5 and 4E10. In the peptide truncation analysis, the shortest peptide epitope for Z13e1 for which Ab affinity was near optimum was the 12-mer motif (indicated in boldface) within the peptide 178-3 (WASLWNW FDITNKKKK; IC 50 , ϳ30 nM). The first six and the last seven residues of this 12-mer motif have been implicated in 2F5 and 4E10 recognition, respectively (2, 6, 10, 33) . In addition, Z13e1 is clearly able to block the binding of both 2F5 and 4E10 to recombinant gp41. The Ala substitutions N671A and D674A both knock out Z13e1 peptide binding and neutralization, suggesting that the Z13e1 epitope may overlap more with that of 4E10, the crucial residues of which are W672 and F673 (10, 61) . Since 4E10 recognizes a largely helical epitope, it has been suggested that this helical region bears distinct "neutralizing" and "nonneutralizing" faces, since access to the MPER would presumably be restricted to an exposed face on the functional trimer (6, 10) . If the MPER of gp41 were strictly helical throughout the Z13e1 epitope, that would place the residues most critical to Z13e1 recognition, N671 and D674, on the putative "nonneutralizing" face of the helix, away from W672, the residue that is most buried in the 4E10 paratope (Fig. 9) . Thus, an explanation for the relatively modest neutralization potency of Z13e1 may be that its helical epitope impinges on the nonneutralizing face of the MPER, which is occluded by neighboring MPERs. However, a nonhelical epitope for Z13e1 cannot be ruled out. Indeed, the 4E10 core epitope loses a-helical character toward its N-terminal residues (6, 10) , and the 2F5-bound peptide adopts an extended conformation (33), suggesting either that there is significant flexibility in the MPER of gp41 or that a distinct structural transition occurs in the segment between the 2F5 and 4E10 epitopes (60) . In either case, the high-affinity epitope conformation(s) that is available to Z13e1 on recombinant gp41 and MPER peptides does not appear to be persistently present on the cognate epitope found on the native trimer (as evidenced by the low neutralization potency of Z13e1). A structure of Z13e1 in complex with a peptide that overlaps with those used in the structure determinations of 2F5 and 4E10 (10, 33) should help to explain the limited ability of Z13e1 to bind to the native Env trimer and refine the existing structural models of the MPER (59, 60) .
It is perhaps not surprising that Fab Z13e1 was able to bind both monomeric and trimeric Env species by use of the BN-PAGE gel shift assay because Z13e1 recognizes a continuous epitope. Given the established relationship between neutralization and the ability of Ab to bind to trimeric envelope glycoprotein (18, 31, 36, 38, 43, 54, 56) , the neutralizing activity of Fab Z13e1 most likely derives from its ability to bind to the trimeric envelope, even though monomer binding affinity is strong and is improved to an extent similar to that seen for trimer binding affinity.
The Fab and IgG formats of Z13e1 appeared to be roughly equivalent in neutralization potency on a molar scale, differing by only threefold or less. Such a result may reflect the inability of two Fab arms of the IgG to bind simultaneously to a functional Env trimer(s), although other steric factors affecting the accessibility to receptor-bound envelope trimers may also influence neutralization by IgG (27) . We also found that neutralization of HIV-1 JR-FL by 4E10 was not greatly improved in going from the Fab to the IgG format. This result is in apparent conflict with a previously published result in which IgG 4E10 was found to be severalfold more potent than Fab against HIV-1 JR-FL (33) . The reason for this discrepancy is not clear, although a different assay format and target cells were used in the previous study.
As with an earlier study involving 2F5 and 4E10 (21), we found that Z13e1 bound weakly and somewhat nonspecifically to different antigens in an ELISA setup in which detergent was limiting, although its reactivity was typically less than that of 4E10 (nonspecific binding with 2F5 was the least of the three). It is presently unclear what this low-level and nonspecific binding means in terms of vaccine design involving the MPER of gp41. However, if there were tolerance mechanisms that would limit the elicitation of neutralizing anti-MPER Abs, they would less likely be a result of Ab cross-reactivity with a specific host antigen than be attributable to a more general phenomenon associated with their specificity for a membrane-proximal epitope. A casual inspection of the primary sequences of the heavy-and light-chain CDRs of Z13e1 reveals a relatively high content of hydrophobic relative to charged residues in the heavy-chain CDRs (16 hydrophobic versus 4 charged residues), particularly in CDRs H1 and H3 (64) . The subtle "stickiness" of Z13e1 may relate to these hydrophobic CDRs, which could facilitate recognition of a hydrophobic epitope very close to a membrane. Nevertheless, Z13e1 and the other anti-MPER MAbs bind with very high (low-nanomolar) affinity to their MPER peptide epitopes. A more detailed analysis of the interaction of 2F5 and 4E10 with CL and other lipid antigens is in progress (Erin Scherer, MBZ, DRB). Isolating and studying more Abs against the MPER of gp41 will also help to determine if such Abs are subject to a strict requirement for the type of weak and nonspecific reactivity to unrelated antigens that we observed with the existing three MPER MAbs.
The concentration of neutralizing Ab required to protect against challenge with HIV has been suggested to be on the order of 100-fold greater than that required to completely neutralize the virus in a classical peripheral blood mononuclear cell-based assay (35) . Furthermore, neutralizing Ab alone is likely to have limited control over an established HIV-1 infection (39) . In fact, the potential of 2F5 and 4E10 to contribute to protection against HIV-1 has been questioned due to a clinical study in which a passively administered cocktail of 2G12, 2F5, and 4E10 showed a limited ability to control viral rebound in several HIV-1-infected patients (50) . Since the potency of Z13 was so readily improved in this study, a similar approach might enable improvements to the potencies of 2F5 or 4E10, although the affinities of 2F5 and 4E10 for gp41 peptides are already quite high (K d s in the low nanomolar range), so improvements to these MAbs may be more challenging. In order to determine the in vitro neutralization titers that will have to be elicited by immunogens based on the MPER, it will be important to establish the individual doses of 2F5 and 4E10 required for protection in vivo.
Using HIV-2 chimeric viruses that bear HIV-1 MPER sequences, MPER-specific neutralizing Abs have recently been detected in the sera of certain HIV-1 infected individuals; these Abs do not recognize the 2F5 or 4E10 epitopes (G. F. Shaw, Bibollet-Ruche, J. Decker, H. Li, P. Goepfert, M. Peeters, S. Allen, E. Hunter, J. Robinson, and P. Kwong, presented at the 13th Conference on Retroviruses and Opportunistic Infections, Colorado Conference Center, Denver, CO, 2006) . Perhaps these Abs, like Z13e1, recognize epitopes between those of 2F5 and 4E10. If Abs are more easily elicited to the segment between the 2F5 and 4E10 epitopes than to these two epitopes themselves, it will be important to determine their neutralization potencies. We speculate that the segment of the MPER to which Z13e1 binds may elicit Abs that are more potent than Z13e1. Such Abs would have to bind with affinities greater than that of Z13e1 to the functional Env trimer, regardless of their affinities for MPER peptides or recombinant gp41 (60) . MPER immunogens designed to elicit potently neutralizing Abs will need to reproduce the structural features that limit access to the Z13e1 epitope but preserve access to the 2F5 and 4E10 epitopes, as found on the functional Env trimer. An HIV-1 envelope mimetic against which in vitro affinity maturation of a neutralizing MAb leads to diminished neutralization potency is probably a poor vaccine candidate. This concept was appreciated in a prior study in which the antigp120 neutralizing Ab, b12, was affinity optimized against monomeric gp120, eventually leading to decreased neutralization potency (24) . In the present study, affinity maturation of Z13 against recombinant gp41 and an MPER peptide did translate to improved neutralization potency, but the potency of Z13e1 is still less than those of 2F5 and 4E10, which bind to these antigens in vitro with affinities comparable to that of Z13e1. The observed modest neutralization potency of IgG Z13e1, despite its very strong binding affinity for MPER peptides and recombinant gp41, strongly suggests that there are limitations in exposure of the Z13e1 epitope, and possibly others like it, on the native envelope trimer. Firmer conclusions as to whether these limitations are due to steric occlusion of a static conformation of the MPER or to short-lived access to a transient epitope on a flexible MPER await crystallographic studies with a Z13e1-peptide complex. Z13e1 Fab may also be useful as a probe in cryo-electron microscopy studies to determine whether the MPERs within the native Env trimer are strictly separated as in a "tripod," are bundled together as in a single "trunk," or perhaps participate in a more dynamic equilibrium between these two states. Finely optimizing the presentation of the "neutralizing face" and native conformation of the MPER may be crucial in order to elicit Abs with neutralization potencies equal to or exceeding those of 2F5 and 4E10.
